Mammalian Pbx genes (Pbx1±3) encode a family of TALE homeodomain proteins that function as transcriptional regulators in numerous cell types (Curr. Opin. Genet. Dev. 8 (1998) 423). The present study highlights distinctive features of Pbx1b expression during mouse embryonic development as a framework to understand its biological functions. Immunohistochemical analyses demonstrate extensive expression of Pbx1b throughout post-implantation development, with highest levels observed during early to mid-gestation. Its initial distribution is predominantly associated with condensing mesoderm, however, Pbx1b displays dynamic expression patterns in derivatives of all principal germ layers. In particular, Pbx1b localizes to sites of mesenchymal±epithelial interactions during periods of active morphogenesis in tissues such as the lung, kidney, tooth buds and vibrissae follicles. Furthermore, BrdU labeling studies reveal that Pbx1b expression domains partially overlap with regions of cellular proliferation. Taken together, these data suggest that Pbx1b contributes to multiple cellular processes during embryogenesis, which may include roles in cell-autonomous regulation as well as in the mediation of tissue interactions. q
Results and discussion
Pbx1, the prototypic Pbx family member, encodes the alternatively spliced Pbx1a and Pbx1b isoforms that exhibit characteristic biochemical properties (DiRocco et al., 1997; Asahara et al., 1999) . Immunohistochemical analyses reveal that Pbx1b is the predominant isoform expressed during mouse embryogenesis (this study), whereas Pbx1a expression is primarily restricted to developing neural tissues (data not shown). Here, Pbx1b expression pro®les were examined to elucidate its potential function during embryogenesis. Pbx1b expression is evident as nuclear staining throughout the development of multiple systems, however, particular features of its tissue and organ speci®c distribution are highlighted here.
Initial patterns of Pbx1b expression are detected in the developing paraxial mesoderm and de®nitive endoderm (Fig. 1B±D) . In emerging axial structures, Pbx1b is expressed in the somitic epithelium and the enclosed mesenchyme, and is concentrated in the sclerotomes and its skeletal derivatives as differentiation proceeds (Figs. 1C and 2A) . In the branchial arches at embryonic day E9.5, nascent Pbx1b expression is observed in the surface ectoderm (data not shown) and progresses into both the epithelial and mesenchymal compartments at E10.5 (Fig.  1B) . Pbx1b is present in the visceral mesoderm as well as in the endodermal epithelium during gut tube formation, and later, is prevalent in the mesenchymal components of associated organ primordia (Fig. 1D±I) .
In the primitive lung, Pbx1b is expressed in the mesenchyme that surrounds the branching epithelium during the initial stages of budding and outgrowth (Fig. 1E) . As the bronchial tree continues to form, lung mesenchyme exhibits strong Pbx1b immunoreactivity (Fig. 1F) , which persists in the pulmonary interstitium to adulthood (data not shown). Sagittal sections at the level of the posterior foregut at E11.5 reveal intense Pbx1b staining in both the undifferentiated epithelium and the associated mesenchyme of the stomach as well as in the mesenchyme of the outgrowing pancreatic bud (Fig. 1G) . In subsequent stages, distribution of Pbx1b in the developing stomach is progressively restricted. Namely, expression is decreased as the mucosal epithelium differentiates whereas the submucosa and outer layers of connective tissue show continued expression at late gestation (Fig.  1H,I ).
Pbx1b displays striking expression patterns in several epidermal organs. At E12.0, intense staining is detected in the dental lamina during the early stages of odontogenesis (Fig. 1J) . As the tooth buds form, Pbx1b expression is evident in the dental lamina as they grow into the underlying (Fig. 1K) . By E16.5, Pbx1b expression persists in the oral epithelium and in the outer epithelium of the growing tooth, but is undetectable as the cells stop dividing to form the enamel knot (Fig. 1L ). Distinct patterns of Pbx1b expression are also present during the development of the facial integument. Before the onset of hair follicle development, Pbx1b is strongly expressed in the basal layer of the epidermis (Fig. 1M ). More notably, when primary follicles are initiated, a focal aggregation of Pbx1b-positive mesenchymal cells can be seen in the dermis and in the invaginating epithelium as components of the epidermal placode (Fig. 1M) . In transverse sections at E14.5, Pbx1b immunoreactivity is seen in concentric layers comprised of mesenchymal and sheath cells that surround the developing follicle (Fig. 1N) . At more advanced stages of folliculogenesis, Pbx1b expression continues in mesenchymal components around the hair shaft and in the dermal papilla, and is also apparent in the root sheath (Fig. 1O) .
Pbx1b is present in structures derived from the intermediate mesoderm and throughout various stages of urogenital system ontogeny. In sections through mid-stage embryos, high levels of Pbx1b are visible in the mesenchyme associated with the mesonephric tubules and the genital ridge ( Fig. 1P ,Q). At E14.5 in both male and female embryos, Pbx1b epithelial expression distinguishes the Mu Èllerian duct, whereas surrounding mesenchyme of the descending Wo Èlf®an and Mu Èllerian ducts exhibits strong Pbx1b staining ( Fig. 1Q and data not shown). Early in metanephric development, Pbx1b expression is detected in the blastema as it is induced by the ureter (data not shown). At later stages, Pbx1b is absent in ureter-derived structures, but pervades throughout the nephrogenic mesenchyme and stroma, and is detected in glomerular cells (Fig. 1R) .
Since previous work implicates a neoplastic role for Pbx proteins in altered cellular proliferation (Krosl et al., 1998) , further analysis of Pbx1b expression was performed in conjunction with BrdU labeling studies to examine its localization in relation to proliferating cells. As shown in Fig. 2 , subregions of Pbx1b immunoreactivity colocalize with that of BrdU in a variety of tissues. In adjacent sections through E12.0 embryos, Pbx1b staining is associated with skeletal bodies and the primordial neural retina in areas where cells are actively cycling (Fig. 2, compare A and B, C and D) . During lung formation, discrete regions of proliferation are apparent at the distal tips of the mesenchyme that overlap .5 is present in the surface ectoderm (arrowhead) and mesenchyme (arrow) of the branchial arches (B) and in the dermamyotome (arrowhead) and the sclerotome (arrows) of the somite (C). (D) Pbx1b is expressed in both the endodermal (arrowhead) and mesenchymal (arrow) components of the fore-and midgut of an E9.5 embryo. At E11.5 (E), Pbx1b expression is detected in the mesenchyme (arrow) but not the epithelium (arrowhead) of the lung anlage, and persists in the interstitial mesenchyme at E16.5 (F). (G±I) Pbx1b expression is found in the mesenchyme and the endoderm of the stomach at E11.5 (G) and E13.5 (H) but is restricted to the submucosal tissues at E16.5 (I). Pbx1b is detected in the oral epithelium (arrows) during tooth morphogenesis at E12.0 (J), E13.5 (K) and E16.5 (L). Note additional expression of Pbx1b in the mesenchyme of the palatal shelves and tongue (arrowheads in K). (M) Pbx1b expression in the forming whiskers is seen in the epidermis (arrowheads) and in the underlying mesenchyme (arrow) at E13.0. Later stages of vibrissae folliculogenesis at E14. with the uniform expression pattern of Pbx1b (Fig. 2 , compare E and F). In neural tissues, Pbx1b-positive domains are evident which extend through a region of proliferation in the developing diencephalon (Fig. 2 , compare G and H). Thus, Pbx1b expression at mid-gestation partially overlaps with proliferative zones in various tissues. However, although the presence of Pbx1b in cycling cells is apparent, these data clearly reveal that its expression domains also include areas that are BrdU-negative. For instance, Pbx1b expression is detected in mesenchymal regions, surrounding the forming vertebrae and in the central portion of the budding lung, which do not exhibit BrdU immunoreactivity (Fig. 1, compare A and B, E and F) . In other tissues, Pbx1b expression is evident in the transitional zone of the neuroretina and along the apical surface of the neuroepithelium where BrdU staining is undetected (Fig. 2, compare C and D, G and H) . Therefore, it is likely that Pbx1b participates in diverse regulatory pathways, some of which may play a role in cellular proliferation and tissue expansion.
Insight into the potential role of Pbx genes in developmental processes has been provided by studies with its Drosophila homolog, extradenticle (exd), which demonstrate a function in parallel with members of the Hox gene family to regulate axial patterning events (Rauskolb et al., 1993) . Consistent with the notion that Pbx and Hox homeoproteins function cooperatively to regulate speci®c target genes (Mann and Affolter, 1998) , expression of Pbx1b is detected in many tissues previously reported to express Hox genes during mouse embryogenesis (reviewed in Krumlauf, 1994) . Early in development, overlapping regions of expression include segmented structures such as the branchial arches and somites, and later during organogenesis, tissues such as the lung, stomach and skeletal elements (Krumlauf, 1994; Yokouchi et al., 1995; Volpe et al., 1997) . In anterior structures, however, Pbx1b is expressed in tissues where Hox gene expression has not been reported, such as the eyes and teeth, which suggest its participation in Hox-independent developmental pathways.
Whereas Pbx1b expression early in development suggests its involvement in embryonic patterning and regionalization, its expression during organogenesis indicates a potential function in cell fate determination in a variety of tissues that depend on mesenchymal±epithelial interactions for their coordinated morphogenesis (Sharpe and Ferguson, 1988; Birchmeier and Birchmeier, 1993; Yasugi, 1993; Thesleff et al., 1995; Dassule and McMahon, 1998; Oro and Scott, 1998; Hogan, 1999; Roberts et al., 1999; Warburton et al., 2000) . In general, Pbx1b expression is not strictly associated with either the mesenchymal or epithelial compartments, but varies in regards to tissue type. Pbx1b is selectively expressed within the mesenchyme (lung, urogenital system) or epithelia (teeth) in certain regions and is detected in both layers in others (stomach, whiskers). More interestingly, Pbx1b localizes to these apposed layers during critical periods of organogenesis. In summary, these data suggest that Pbx1b serves multiple functions during embryogenesis, and implicate its participation in the regulation of cellular differentiation and tissue expansion.
Materials and methods

Tissue preparation and Immunohistochemistry
C57BL/6 embryos were collected from timed-pregnancies at the days indicated. Dissected embryos were ®xed in 10% buffered formalin for 6 h to overnight at 48C and dehydrated through increasing concentrations of ethanol prior to embedding in paraf®n wax. Tissue sections (4 mm) were de-paraf®nized and treated for epitope unmasking in 500 mM Tris (pH 10) by microwave heating before incubation with anti-Pbx1b monoclonal antibody. Monoclonal antibody production and demonstration of antibody speci®-city have been described previously (Chang et al., 1997) . After washing in PBS, sections were incubated with biotinconjugated goat anti-mouse IgG and horseradish peroxidase-conjugated streptavidin (Jackson Immunoresearch) and detected with DAB (Sigma). Tissues were counterstained with hematoxylin and slides were mounted with Clearmount media (American Master Tech Scienti®c Inc.).
BrdU labeling
Pregnant C57BL/6 mice were injected intravenously with bromodeoxyuridine (BrdU) (Sigma) at 50 mg/g of body weight 3 h prior to sacri®ce. E12.0 embryos were processed and immunostained as above using an anti-BrdU monoclonal antibody (Neomarkers) on adjacent sections as those stained with anti-Pbx1b. Detection was performed with the Vector Nova-Red substrate kit (Vector Laboratories) according to manufacturer's instructions.
